The structure of the broad line region (BLR) is an essential ingredient in the determination of active galactic nuclei (AGN) virial black hole masses, which in turn are important to study the role of black holes in galaxy evolution. Constraints on the BLR geometry and dynamics can be obtained from velocity-resolved studies using reverberation mapping data (i.e. monitoring data). However, monitoring data are observationally expensive and only available for a limited sample of AGN, mostly confined to the local Universe. Here we explore a new version of a Bayesian inference, physical model of the BLR which uses an individual spectrum and prior information on the BLR size from the radius-luminosity relation, to model the AGN BLR geometry and dynamics. We apply our model to a sample of 11 AGN, which have been previously modelled using monitoring data. Our single-epoch BLR model is able to constrain some of the BLR parameters with inferred parameter values that agree within the uncertainties with those determined from the modelling of monitoring data. We find that our model is able to derive stronger constraints on the BLR for AGN with broad emission lines that qualitatively have more substructure and more asymmetry, presumably as they contain more information to constrain the physical model. The performance of this model makes it a practical and cost-effective tool to determine some of the BLR properties of a large sample of low and high redshift AGN, for which monitoring data are not available.
INTRODUCTION
Emission lines from gas close to an actively accreting supermassive black hole can be used as a probe of the black hole's gravitational potential (e.g. Peterson & Wandel 1999) . Those emission lines are typically broad, showing widths of thousands of kilometres per second caused by Doppler broadening due to bulk motions of the gas (e.g. Davidson & Netzer 1979) . The physical region where these lines are emitted from, the broad line region (BLR), has been measured to have an average size of a few light-days for Seyfert galaxies and of ∼ tens to hundreds of light-days for quasars (e.g. Kaspi et al. 2000 , Bentz et al. 2013 2019), indicating that the lines are being emitted from deep in the black hole's gravitational potential.
The line emission from the BLR is the result of recombination following photoionisation of gas by far/extreme ultraviolet continuum radiation, originating in the accretion disc (e.g. Bahcall & Kozlovsky 1969 , Davidson & Netzer 1979 . However, the nature and structure of the BLR is still not fully understood. There is some suggestion that the BLR is related to the accretion disc. Theoretical models based on accretion disc outflow scenarios suggest that the broad line emission originates in a wind emerging from the accretion disc (e.g. Murray et al. 1995 , Proga et al. 2000 , Kollatschny 2003 , Elvis 2017 , or that the accretion disc, broad line region and obscuring medium (also known as the equatorial, dusty torus) are individual parts of a dynamical structure that changes as a function of AGN luminosity (Elitzur & Shlosman 2006) . Other theoretical models propose that the BLR is part of a large continuous obscuring structure with the broad emission lines originating from within the dust sublimation radius (Netzer & Laor 1993) .
Observations of double-peaked broad emission lines in some AGN support the idea that the broad line emission arises from, or close to the outer regions of the accretion disc (e.g. Chen & Halpern 1989 , Eracleous & Halpern 1994a , Storchi-Bergmann et al. 1993 , Strateva et al. 2003 , StorchiBergmann et al. 2017 , although there are alternative models to explain double-peaked lines (Goad & Wanders 1996) . The broad line emission appears to originate in a continuous distribution of gas (e.g. Murray et al. 1995) as opposed to individual gas clouds (e.g. Laor et al. 2006) , however in some cases the presence of discrete clouds is a viable explanation to variable obscuration in the BLR (e.g. Risaliti et al. 2009 , Elvis 2017 .
Knowledge of the BLR structure is a key component in the determination of virial black hole masses and to understand the systematic uncertainties associated with reverberation-mapping and single-epoch mass measurements (e.g. Horne et al. 2004 , Vestergaard 2019 . Reverberation mapping uses the delayed response of the broad emission lines to changes in the continuum flux to infer the geometry and kinematics of the BLR (Blandford & McKee 1982 , Peterson 1993 , Peterson 2014 . The time delay of the emission line response times the speed of light (τ c) is used as a proxy for a size scale of the BLR, namely the radius of the BLR (R BLR ). By assuming that the emission line velocity width (∆V ) reflects virial motion (e.g. Peterson & Wandel 1999) , the black hole mass (M BH ) can be calculated as: M BH = f R BLR ∆V 2 /G (e.g. Peterson 2014 ). The dimensionless f factor is of the order of unity and encompasses the unknown BLR geometry, dynamics and orientation that can vary for each emission line and for each AGN (Goad et al. 2012) .
Our limited information on the BLR structure has a potential strong impact on the current knowledge of black hole and AGN evolution, as the sample of AGN with reverberation mapping measurements is used to calibrate the zero-point of black hole and galaxy scaling relations (e.g. Vestergaard 2002 , Onken et al. 2004 , Vestergaard & Osmer 2009 , Grier et al. 2013b ). These scaling relations are in turn used to infer most of the supermassive black hole masses at low and high redshift (e.g. Vestergaard 2004 , Vestergaard & Peterson 2006 , Trump et al. 2011 , Shen et al. 2011 Jun et al. 2015 , Koz lowski 2017 , Bañados et al. 2018 , Shen et al. 2019 .
Further necessary constraints on the BLR geometry and dynamics can be obtained from velocity-resolved reverberation mapping studies. These studies analyse the response of the broad emission line profile to continuum changes as a function of the line of sight velocity and the time delay between continuum and emission line changes (e.g. Bahcall et al. 1972 , Welsh & Horne 1991 , Horne et al. 2004 ). This method has been successful at determining the geometry and dynamics of the BLR for a small sub-sample of AGN with reverberation mapping data available (e.g. Kollatschny 2003 , Bentz et al. 2009 , Denney et al. 2010 , Bentz et al. 2010 , Barth et al. 2011 , Grier et al. 2013a , Du et al. 2016 , Pei et al. 2017 ). While the analyses described above are mostly modelindependent, the same velocity-resolved datasets have also been modelled using an underlying physical model that allows for quantitative constraints to be obtained on the BLR geometry and dynamics parameters (Pancoast et al. 2011 , Li et al. 2013 , Pancoast et al. 2014b , Grier et al. 2017 , Pancoast et al. 2018 , Williams et al. 2018 . The model-independent and model-dependent velocity-resolved studies referred to above, have found a large variety of geometry and dynamics for the BLR: e.g. gas in near-circular elliptical orbits, signatures of inflowing or outflowing gas, with thick disk-like or spherical geometry distributions.
The small number of AGN for which velocity-resolved analysis has been carried out is somewhat limited by observational requirements: the need to have monitoring data suitable for reverberation mapping studies, i.e. spectroscopic, fast cadence, multi-epoch monitoring over a sufficiently long time span. Although single-epoch spectra per definition do not contain any timing information and hence BLR size information, by virtue of being an account of the collective emission from across the entire BLR, these spectra also contain information on the velocity distribution in the BLR gas. Additionally, they are more readily available than monitoring data.
Several works have investigated the BLR geometry and kinematics by modelling the shape of the broad emission lines as seen in individual spectra. They find that while not all line profiles can constrain the full BLR structure, the modelling of some profiles allow us to establish meaningful constraints on the geometry or velocity of the BLR gas (e.g. Capriotti et al. 1980 , Kwan & Carroll 1982 , Eracleous & Halpern 1994b , Rosenblatt et al. 1994 , Robinson 1995 , Kollatschny & Zetzl 2013 , Storchi-Bergmann et al. 2017 .
Recent progress has been made to constrain the geometry and dynamical parameters of the BLR from single-epoch spectra. In a previous work (Raimundo et al. 2019 , hereafter R19), we presented a modified version of the BLR geometry and dynamics Bayesian inference model of Pancoast et al. (2014a) and Pancoast et al. (2018) . While previous versions of the model used reverberation mapping monitoring data to constrain the BLR geometry and dynamical parameters, our model is tailored to use single-epoch spectra. R19 validate and test our model with simulated data and with observed data on Arp 151, which allowed us to compare the singleepoch modelling with monitoring data modelling. R19 find that single-epoch spectral modelling can constrain some of the BLR geometry and dynamics parameters to a reasonable degree. Notably, the single-epoch results agree with the original monitoring data modelling results within the 68% confidence range. The fact that this new modelling effort requires only a single AGN spectrum, brings significant power to this method since it is then applicable to much larger subsets of the broad-line AGN population (e.g. in the Sloan Digital Sky Survey, Pâris et al. 2018 ) than those accessed by monitoring studies alone.
In this work we apply our single-epoch model to a more extended sample of AGN that were targets of monitoring campaigns and modelling of the BLR (Grier et al. 2017 , Williams et al. 2018 . These AGN display a large range of black-hole masses and accretion rates. Our goal is to carry out the first sample test of our model using broad emission lines of different shapes, as a preparation to extend our model to larger samples of AGN without any previous knowledge of the BLR geometry and dynamics. In Section 2, we describe our single-epoch spectra model and in Section 3, we describe our AGN sample, the observational data available and the modelling procedure employed to model singleepoch spectra of low-redshift AGN. In Section 4 we present the results of the model for each AGN and discuss them in detail in Section 5. The conclusions and future applications of the model are presented in Section 6.
We use the following cosmological parameters to calculate luminosity distances from redshifts measurements: H0 = 70 km s −1 Mpc −1 , ΩM = 0.3 and Ω λ = 0.7.
MODEL DESCRIPTION
In this work we model the structure of the BLR of a sample of low redshift AGN using the model presented by R19. This model is a modified version of the BLR model of Pancoast et al. (2018) , first presented by Pancoast et al. (2011) . Our model uses single-epoch spectra (as opposed to monitoring data) to constrain the geometry and dynamics parameters of the BLR. In the following section, we describe the model, its underlying physical prescription and the associated parameters.
A single-epoch broad line region model
The single-epoch BLR model was described in detail by R19. Here, we summarise the main features of the model and refer the reader to R19 and Pancoast et al. (2014a) for further details.
We use an underlying physical model to define the BLR. With the physical model and a set of associated free parameters, we are able to generate a variety of possible geometry and dynamical configurations for the BLR. The physical model consists of a set of point particles representing the BLR gas, around a central emitting source (i.e., accretion disc). The accretion disc is defined as a point source emitting isotropically. It is assumed that the point particles instantaneously reprocess the incoming accretion disc continuum flux into emission-line flux. This is a reasonable assumption given that the light travel time of the continuum photons is of several days compared to the much shorter recombination time scale of dense gas (∼ 0.1h) (Osterbrock & Ferland 2006 , Peterson & Horne 2006 . The point particles are spatially distributed according to an array of geometry parameters that control the position of each particle with respect to the central source. As defined by Pancoast et al. (2014a) , the radial distribution of point particles is parametrised as a Gamma distribution with the following form:
where r is the radius and α and θ are the standard parameters (shape parameter and scale parameter, respectively). The Gamma distribution is shifted from r = 0 by a value equal to the Schwarzschild radius (RS = 2GMBH /c 2 ), plus a minimum radius of the BLR (rmin). A variable change is performed to convert Eq. 1 from standard units to the units of the mean radius of the BLR radial profile (µ) using:
with the three free parameters: β, µ and F . The parameter µ is the mean radius of the Gamma distribution (therefore the mean radius of the BLR radial distribution) and F is the minimum radius of the BLR (rmin) in units of the mean radius. The shape parameter β, controls if the radial distribution of particles is a narrow Gaussian-like distribution (β < 1), an exponential profile (β = 1) or a radial distribution that is steeper than an exponential profile (β > 1). The radial distribution is truncated at a fixed maximum radius rout = ∆T × c/2 where ∆T is the total duration of the simulated continuum light curve. The assumed values for rout are shown in the Appendix in Table A1 . The spatial distribution of point particles is inclined by an inclination angle θi with respect to the observer s line-of-sight, with the inclination angle being the angle between the normal to the BLR mid-plane and the observer's line of sight. A face-on structure will have θi = 0
• while an edge-on structure will have θi = 90
• . The opening angle, θo, defines the angular half-thickness of the BLR as seen from the central emitting source and defined from the mid-plane of the BLR. A spherical distribution of point particles will have θo = 90
• while a thin disc will approach θo → 0
• .
Three other parameters (κ, ξ and γ) control the relative emission weights of specific groups of point particles in the BLR. The parameter κ is defined based on the angle between the observer's line of sight to the central source and the point particle line of sight to the central source. It can be used to give different relative weights to point particles that are on the far side or the near side of the BLR (with respect to the observer). For κ → −0.5, the particles on the far side contribute with more line emission while for κ → 0.5, the particles on the near side contribute with more line emission. Uniform weighting corresponds to κ = 0. The parameter ξ controls the transparency of the mid-plane of the BLR, here defined as the x−y plane in Fig. 9 of Pancoast et al. (2011) . If ξ → 0 the mid-plane is opaque, and only point particles in the foreground of the mid-plane will be observed. For ξ → 1 the mid-plane is transparent. The parameter γ determines the angular displacement of the point particles and can have values between 1 and 5. This angle is measured from the mid-plane of the BLR to the opening angle. The parameter γ can be used to transform a uniform distribution of particles into a distribution of particles that are more concentrated towards the opening angle, i.e. if one imagines a BLR as a thick disc, the particles would be more concentrated towards the outer faces of the disc. A value of γ = 1 corresponds to a uniform angular distribution of point particles while γ > 1 will result in the particles being more concentrated towards the opening angle value.
We mentioned earlier that the point particles reprocess the continuum radiation from the accretion disc as line emission. The wavelength of the radiation emitted by each point particle will depend on the particle's velocity, which is defined by the dynamical state of the BLR and the corresponding dynamical parameters. The point particles are assumed to move in Keplerian orbits in the gravitational potential of the black hole, with a black hole mass defined by the M BH parameter. A fraction of point particles (f ellip ) will have their velocities drawn from a distribution of velocities centred around the values corresponding to circular orbits. The remaining point particles (1 -f ellip ) have velocities drawn from the distribution of inflowing or outflowing (Bentz & Katz 2015) ; (e) BLR modelling using monitoring data (Williams et al. 2018 escape velocities. The parameter f flow is a binary parameter that determines if the velocities are drawn from the inflowing (f flow < 0.5) or outflowing (f flow > 0.5) distributions. The centre of the inflowing and outflowing velocity distributions can be rotated by θe along an ellipse towards the circular orbit velocity, so that an increasingly larger fraction of particles are in bound orbits as θe → 90 degrees.
The model requires a simulated continuum light-curve determined at random instants to be able to model the BLR. Although we only model one epoch, the emission line profile will be the sum of the line emission from different portions of the BLR. Each portion of the BLR is located at a specific distance from the ionising continuum and hence associated with a specific time delay between the continuum and reprocessed emission. This requires different instants of the continuum light-curve to be probed, even for the modelling of a single spectrum. To determine the continuum flux at each time instant, the model generates continuum light curves (i.e. continuum flux as a function of time) using several free parameters that we will refer to as the continuum hyperparameters. In previous versions of the model, the generated continuum light curve was constrained based on the observed continuum light curve as determined from monitoring campaigns (e.g. Pancoast et al. 2014b , Grier et al. 2017 , Pancoast et al. 2018 , Williams et al. 2018 ). In our version of the model, where we use only a single spectrum instead of monitoring data, we do not have an observed light curve to analyse (R19). Instead, the continuum light curves in our model are generated based on the literature-quoted range of possible continuum light curves observed for AGN.
A description of the continuum light-curve generation can be found in Section 3.4.
Defining the geometry and dynamics parameters result in a specific structure for the BLR, which is then used to infer the time delay between the continuum emission from the accretion disc and the reprocessed radiation for each of the point particles. These time delays are used to match the emission line flux for each point particle with the previously emitted continuum flux drawn from the generated continuum light curve. Two additional parameters, an additive (C add ) and a multiplicative (C mult ) constant are used to normalise the continuum such that the modelling is not dependent on the absolute flux level of the continuum or of the emission line.
The model then generates a simulated spectrum based on the parameterised model of the spatial and kinematical structure of the BLR to be compared with the observed spectrum. In the previous version of the model, a simulated spectrum is generated for each epoch of the emission line light curve, i.e. for every epoch of the monitoring campaign. In our version of the model this is done only once and for one epoch. Since we do not use monitoring data to constrain our model, we do not have timing information from the observed light curves to constrain the time delays. Without a time delay constraint, there is limited information to establish the absolute physical scale of the BLR (and hence to independently constrain M BH ). Instead we provide this information to the model in the form of a Gaussian-like prior probability distribution for the mean time delay. The mean time delay is the flux-weighted mean time delay for the whole BLR. A detailed description of why the mean time delay is used and the effect of choosing such a prior is described by R19.
The model parameters are constrained via Bayesian inference using DNest3, a Diffusive Nested Sampling algorithm (Brewer et al. 2009 , Brewer et al. 2010 . DNest3 is a Markov Chain Monte Carlo method based on Nested Sampling, an algorithm for Bayesian computation (Skilling 2006) . Using a Bayesian formalism we define a prior probability distribution for the parameters (see Table 1 of R19 for specific assumptions) and update it to the posterior probability distribution taking into account the observed spectrum. DNest3 is used to explore the parameter space and is able to handle strong correlations between the parameters. DNest3 is particularly suited for cases where the posterior probability distribution has a complex or unknown shape. A detailed description of how DNest3 is implemented in the model can be found in Appendix A of R19.
The output of the model will be a multi-dimensional posterior probability distribution from which we extract the posterior probability distribution for each of the BLR parameters. The posterior probability distribution for each parameter is obtained after marginalising over all the other parameters (e.g. Sivia & Skilling 2006) . The inferred parameter values and their associated uncertainties are obtained from calculating the median value of the parameter posterior probability distribution and the 68% confidence intervals around the median.
MODELLING THE BROAD-LINE REGION OF LOW-REDSHIFT AGN
In this work we apply our single epoch BLR modelling (R19) to a sample of AGN that were the target of recent reverberation mapping campaigns. Here we model 11 AGN spanning a wide range of black hole mass and accretion rate. In the previous section we describe the general setup and parameters of our BLR model. In this section we describe the data used to constrain the model and the specific assumptions we make to model the AGN sample. This includes the selection of the spectral epoch, the prior probability distribution we assume for the mean time delay and how the continuum light curve is generated.
Data
We select a sample of 11 AGN: 4 AGN from the AGN10 monitoring campaign (Grier et al. 2012 , Grier et al. 2017 and 7 AGN from the Lick AGN Monitoring Project 2011 (LAMP 2011; Barth et al. 2015) . The main properties of the sample are shown in Table 1 . These AGN were selected because their BLRs have recently been modelled by Grier et al. (2017) (AGN10) and Williams et al. (2018) (LAMP2011) using the original model as implemented by Pancoast et al. (2018) and the full monitoring dataset. This allows for a direct comparison with our results. Henceforth, the BLR modelling using the monitoring dataset as input will be referred to as the 'full light-curve modelling'. The full light-curve modelling approach uses: i) the continuum and integrated Hβ broad emission line flux light curves and ii) monitoring spectra (i.e. multi-epoch spectra) of the Hβ broad emission line to constrain the BLR parameters. Our approach will be referred to as singleepoch modelling, as we use a single spectrum to constrain the model parameters. The BLR parameters inferred from the full light-curve modelling are presented by Grier et al. (2017) and Williams et al. (2018) and will be used as a comparison to our modelling results using single-epoch spectra. We use the same original datasets as Grier et al. (2017) and Williams et al. (2018) as a starting point, including the same spectral decompositions. The narrow emission line component is not subtracted before modelling the data, to avoid introducing uncertainties. For all the objects in our sample the narrow emission line is modelled with a narrow Gaussian function, with the total narrow line flux and systematic central wavelength as free parameters in the model. This approach is the same as that adopted by Pancoast et al. (2014a) and Pancoast et al. (2018) and a more detailed description can be found in Section 3.3 of Pancoast et al. (2018) . In general we find narrow line fluxes from the singleepoch modelling that agree within the 68% confidence range with what was found from modelling of monitoring data. The exceptions are Mrk 1511 and PG 1310−108 that agree within the 95% confidence range and Mrk 279 that agree within the 99.7% range. Below we describe the datasets and monitoring campaigns in more detail.
AGN10
We model 4 AGN that were part of the AGN10 reverberation mapping campaign: 3C 120, Mrk 335, Mrk 1501 and PG 2130+099, all classified as Seyfert 1 galaxies. The black holes in these AGN are in the upper range of black hole masses and luminosities compared with the other low-redshift AGN in our sample.
The monitoring data consist of photometric and spectroscopic measurements in the optical range, taken at several epochs within a time span of a few months. For each object there are ∼ 70 epochs of optical spectra covering the wavelength range of the Hβ broad emission line, and ∼ 100 − 200 epochs of continuum flux measurements (at a wavelength of 5100Å). Before modelling the broad emission line, the spectra are decomposed to account for all the emission components that are not due to broad Hβ line emission, such as the AGN continuum, the host galaxy light and the narrow line emission (Barth et al. 2015 , Grier et al. 2017 . More details on the observations and the data analysis are provided by Grier et al. (2012) and Grier et al. (2017) . BLR full lightcurve modelling (i.e. using the monitoring dataset) was carried out by Grier et al. (2017) . From the initial dataset we select a fixed epoch and use the spectrum obtained at that epoch as input to our model, disregarding all the remaining data.
LAMP2011
We model 7 AGN that were part of the LAMP2011 campaign: Mrk 50, Mrk 141, Mrk 279, Mrk 1511, NGC 4593, PG 1310−108 and Zw 229−015. The monitoring data consist of photometric and spectroscopic measurements in the optical range, taken at several epochs within a time span of a few months. For each object there are ∼ 30 − 50 epochs of optical spectra covering the wavelength range of the Hβ broad emission line, and ∼ 60 − 170 epochs of continuum flux measurements, depending on the AGN. Before modelling the broad emission line, the spectra are decomposed as described above. More details can be found in the work by Barth et al. (2015) and Williams et al. (2018) .
Modelling of the full light curve was carried out by Williams et al. (2018) . They use three different spectral decompositions that differ only in the form of Fe II template used. They model the result of each spectral decomposition prescription independently and present the posterior probability distributions for each. Additionally they also show the result of combining the posterior probability distributions of all the spectral decomposition prescriptions. We model the data that were spectrally decomposed using the Fe II template of Kovačević et al. (2010) , which due to its larger number of normalisation parameters provides the most flexible spectral modelling (Williams et al. 2018) . Our results are however compared with both the full light-curve posterior probability distribution using the Kovačević et al. (2010) spectral decomposition and the combined posterior probability distribution shown by Williams et al. (2018) . Similar to the AGN10 modelling described in 3.1.1, we select a fixed epoch from the initial dataset and use the spectrum from that epoch as input to our model, disregarding all the remaining data.
Epoch selection
As all of our objects have been the target of a reverberation mapping campaign, we have access to the full continuum light-curves and monitoring spectra. For each object we select the epoch which shows the highest signal-to-noise ratio (S/N) in the Hβ broad emission line. The signal-to-noise ratio for each epoch is measured as the mean signal-to-noise ratio per pixel of the spectrum across the Hβ broad emission line profile.
In our previous work (R19), we selected the epochs based on their continuum flux level with respect to the full light-curve, to sample low, medium and high continuum flux levels. We proposed that the specific line shape at that epoch and not the continuum flux level was responsible for most of the constraints on the BLR parameters that we obtained in the modelling. Here we select the individual epochs based on the S/N of the line flux in the spectrum to generalise this approach to most of the AGN in the literature, where one does not have information on the historical light-curve but for which a single-epoch spectrum is available.
In Fig. 1 we show the V-band continuum and Hβ emission-line light curves for the full monitoring dataset of each source. The green stars show the epochs that we select for our analysis. Each epoch in the emission line light curve identifies a specific (observed) spectrum. Since the V-band continuum epochs may not be exactly the same as the spectral epoch, we select the (observed) continuum epoch that is closest in time to the spectral epoch. The single-epoch Hβ profiles that correspond to the selected epochs are shown in Fig. 2 . We note that the epoch with the highest S/N ratio typically has high line flux, but does not necessarily correspond to the epoch of highest line flux level, as can be seen in Fig. 1 .
In addition to our main analysis with the highest S/N epoch we also carry out a test using a second epoch for each AGN. This second epoch was chosen randomly from the subset of epochs that show an average S/N ∼ 20 across the line profile. The exceptions were Zw 229-015 and Mrk 141 that have lower S/N for all epochs and do not reach S/N ∼ 20. For these two cases we selected random epochs from the subset that showed an average S/N ∼ 9 across the line profile. Since the results from the second epoch are fully consistent with those of the highest S/N epoch we focus our detailed discussion on the highest S/N epoch results and give an overview of the second epoch results in Section 5.3.
Prior on the mean time delay
Our model requires the use of a prior probability distribution for the mean time delay (τmean), as mentioned in Section 2.1. We adopt a log-normal prior distribution for τmean, with a mean and width based on the radius luminosity relation (R−L relation) and its scatter distribution as determined by Bentz et al. (2013) . The AGN luminosity for each object of our sample is calculated from the rest-frame AGN monochromatic flux density at 5100Å. We use AGN flux density values from Grier et al. (2012) and Bentz et al. (2013) , which were obtained by modelling and subtracting the host galaxy flux from Hubble Space Telescope images. For objects where HST images are not available, we use the AGN 5100Å rest-frame flux density measurements of Barth et al. (2015) based on spectral decompositions (see column 4 of Table 1 ). The AGN flux density is then converted to an AGN monochromatic luminosity, L λ (5100Å), using the luminosity distance for each object and the cosmological parameters listed in Section 1. Finally, the BLR radius (R BLR ) is inferred using the R−L relation of Bentz et al. (2013) and L λ (5100Å). The calculated R BLR can be found in Table 1 . We also calculate and list in Table 1 the Eddington ratio for our targets (λ = L bol /L Edd , where L Edd is the Eddington luminosity) as a measure of the mass accretion rate level of each AGN. We note that the Eddington ratio is only an approximate estimate as we use an average bolometric correction in the calculation.
In our previous work (R19), we show that regardless of the width of the prior probability distribution, the model is able to derive similar constraints on the majority of the geometry and dynamics parameters of the BLR (with the exception of the M BH and the mean and median time delays). Here we assume a width of 0.2 dex for the prior probability distribution of τmean, which represents the typical dispersion in the R−L relation (Bentz et al. 2013) . This choice comes with the knowledge that the inferred M BH will be strongly affected by the assumptions on the τmean prior and should not be taken as an independent estimate of the intrinsic M BH value. This choice is reasonable since our main goal is to constrain the remaining geometry and dynamics parameters of the BLR.
For all the remaining parameters, the prior probability distributions are the same as those shown by R19 and can be found in Table 1 of that paper.
Simulated continuum light-curves
As discussed in Section 2, the model requires a simulated continuum light-curve determined at random instants to be able to model the BLR, even for the single-epoch modelling we implement.
In our previous work (R19) we tested several assumptions for the statistical properties of the simulated continuum light-curves and found that they did not affect the inferred geometry and dynamics parameters. This is in part due to the fact that the model renormalises the absolute continuum and spectral flux by means of two rescaling free parameters included in the model, C add and C mult . Additionally, to infer the geometry and dynamics parameters we marginalise over the continuum light-curve parameters, meaning that we take into account all the possible lightcurves that could generate the observed line profile.
The continuum light-curve parameters, hereafter the continuum hyper-parameters, are not fixed in the model but defined with flat (i.e. uninformative) prior probability distributions within a fixed wide range. The three main continuum hyper-parameters are τcont, the typical time-scale for variations; µcont, the long-term mean flux value of the light-curve and σcont, the long-term standard deviation of the light-curve, as in Equations 5 and 6 of Pancoast et al. (2014a) . For consistency we use upper and lower limits for the priors that encompass the broad range of values found from studies of AGN variability (e.g. Kelly et al. 2009 , Koz lowski et al. 2010 , MacLeod et al. 2010 . We assume τcont between 1 and 10 4 days, µcont variations of 40% around the mean flux value (i.e. around our single-epoch continuum flux value) and σcont is defined via the parameterσcont = σcont 2/τcont within the rangeσcont ∼ [8 × 10 −4 − 0.3] mag/day 1/2 . We simulate a continuum light curve with a duration of 1.8×10 7 s for all AGN except Mrk 1501. For Mrk 1501 we simulate a light curve of 2.7×10 7 s to be conservative, since there is evidence from the R−L relation that the BLR is larger for this AGN. Some of the simulated light curves are similar to the real continuum light curves for the AGN studied, but in general our simulated light curves are different since we are exploring a broad parameter space in continuum parameters.
The continuum light-curve parameters are all defined in the rest-frame of the AGN, therefore, our simulated continuum light-curve is the continuum light-curve in the restframe as well. All the remaining parameters are also defined in the rest-frame of the AGN.
RESULTS
In this section we show the results from the single-epoch BLR modelling for all objects of Table 1 (Grier et al. 2017 and Williams et al. 2018) shown as blue and red histograms. The blue histograms for the LAMP 2011 objects refer to the combined posterior probability distribution, while the red histograms are the posterior probability distributions obtained using the Kovačević et al. (2010) Fe II templates in the spectral decomposition (see Williams et al. 2018 for more details). The meaning of each BLR parameter is described in detail in Section 2. In addition to those parameters, we show the flux-weighted median time delay (τ median ), the flux-weighted mean radius of the BLR (rmean) and the flux-weighted median radius of the BLR (r median ), which are calculated by the model and related to the mean time delay. A list of the inferred parameter values and their uncertainties can be found in Table A1 . Examples of the line profiles generated by the model can be found in Fig. A8 . The profiles in this figure correspond to a solution found by the model and randomly extracted from the posterior probability distribution. Fig. 7 shows a visual comparison between the 68% confidence ranges of the inferred parameters in our work (shown by the solid lines) and the confidence ranges found using the full light-curve modelling (shown by the dashed lines). The median values of the posteriors are indicated by the blue filled circles for the results in this work and by the black filled stars for the full light-curve modelling result. We consider that a parameter cannot be constrained when the 68% confidence range covers more than 50% of the parameter space.
In agreement with our previous work on Arp 151 (R19), we find that several of the BLR parameters can be constrained using a single-epoch model. The degree to which a parameter can be constrained and which parameters are constrained depends on the AGN analysed and likely on the shape of the broad emission line. We find that when the BLR parameters can be constrained, the inferred values for those parameters tend to agree within the 68% confidence intervals with the inferred values from the full light-curve modelling. Below we describe the results for each individual object using Figures 3 to 7 and Figs. A1 to A7 as reference. We discuss all the parameters here in this section, except M BH and β, which will be discussed in detail in Section 5.2. 
Results on individual objects

3C 120
Some of the parameters can be constrained for this AGN and agree within the errors with the full light-curve result: we find θo= 27 +10 −9 degrees, θi= 21.6
+9.1 −7.7 degrees and rmin= 3.8 +2.4 −2.1 light-days. The remaining parameters have very broad posterior probability distributions (Fig. 3) , which indicates that they cannot be accurately constrained from the single-epoch spectrum.
Mrk 335
The posterior probability distributions for most of the parameters of Mrk 335 are very broad (Fig. A1) , indicating that the BLR parameters cannot be constrained from the single spectrum. The only exception is rmin= 0.54
−0.30 lightdays which is constrained to a value similar to what has been found from the full light-curve model.
Mrk 1501
Some of the parameters can be constrained and agree within the errors with the full light-curve result: we find θo= 30
degrees, θi= 31 +15 −12 degrees and κ = −0.07
−0.17 . f flow is also constrained and found to be < 0.5 (i.e. signature of inflowing trajectories), indicating that even though f ellip is not tightly constrained, the model is able to identify that some of the orbits have velocities close to the radial inflowing escape velocity. The parameters f ellip , θe and γ are not constrained, but we note that the full light-curve model was also not able to constrain these parameters significantly. The parameter ξ is somewhat constrained to ξ = 0.38 +0.24 −0.25 , indicating that the mid plane of the BLR is not completely opaque nor completely transparent, although the posterior probability distribution is broad, similar to what was found for the full light-curve modelling (Fig. 4) .
PG 2130+099
Some of the parameters can be constrained: we find θo= 32 +12 −11 degrees, θi= 27 +14 −11 degrees and rmin= 2.6 +1.0 −1.0 lightdays, consistent within the uncertainties with the full lightcurve result. The parameter κ is found to be lower than zero, favouring scenarios in which the particles on the far side of the BLR contribute with more emission. However, this is not a strong constraint as the posterior probability distribution for this parameter has a tail extending to positive κ values, indicating possible degeneracies. However, the posterior distribution for κ from the full light-curve modelling is also broad. The remaining parameters have very broad posterior probability distributions (Fig. A2) , and cannot be accurately constrained. 
Mrk 50
Some of the parameters can be constrained and agree within the errors with the full light-curve result: we find θi= 34 −0.24 . Although the posterior probability distribution for f ellip is broad, it indicates that scenarios where f ellip → 1.0, i.e. no gas is inflowing/outflowing, are not favoured. The parameter ξ is also marginally constrained to ξ =0.31
+0.26
−0.21 with a broad posterior probability distribution. Both f ellip and ξ nevertheless agree with the full light-curve results within the uncertainties. The remaining parameters have very broad posterior probability distributions (Fig. A3) , and cannot be accurately constrained.
Mrk 141
Mrk 141 is a remarkable case since most of its BLR parameters can be constrained using a single spectrum. As discussed in Section 5 this is likely due to the significant asymmetry and structure of the line profile in this AGN, which provides more information for the model to constrain the BLR parameters. We find θo= 26 −2.6 light-days, all agreeing within the uncertainties with the full light-curve result (Fig. 5) . The only exception is the parameter γ, which cannot be constrained. However we note that an unconstrained γ is a common feature for all our objects.
Mrk 279
Some of the parameters can be constrained: we find θi= 38 +17 −8 degrees, f flow is constrained to be > 0.5 i.e. signatures of outflowing trajectories, indicating that even though f ellip is not tightly constrained, the model is able to identify that some of the orbits have velocities close to the radial outflowing escape velocity. We also find rmin= 10.2 −0.08 , indicating that the mid-plane of the BLR is not completely transparent. Both the constrained and marginally constrained parameters agree within the uncertainties with the result from the full light-curve modelling (Fig. A4) .
Mrk 1511
Our model is not able to constrain most of the parameters for Mrk 1511 (Fig. A5) . The only exception is rmin= 2.6 +2.4 −1.2 light-days which is constrained and agrees within the uncertainties with what was found for the full light-curve. The model marginally constrains θo= 73 +10 −24 degrees. This parameter is one of the few cases where the single-epoch estimate is not consistent within the uncertainties (68% confidence range) with what was found from the full light-curve modelling. Since we used the total (AGN + host galaxy) flux to calculate the mean time delay from the R−L relation, we assume a mean value for the prior on τmean which is significantly higher than what was found in the full light-curve modelling. This results in the time delay parameters (τmean, τ median , rmean and r median ) to be overestimated. The inferred M BH from single-epoch modelling agrees with the full lightcurve result. This indicates that independent information on the Hβ line profile helps to constrain M BH beyond the approximate value suggested by the R−L relation. As observed by Williams et al. (2018) , it is likely that Fe II has a strong contribution to the spectra of Mrk 1511. Williams et al. (2018) found that due to the strong Fe II contribution, different spectral decompositions resulted in different values for the BLR parameters. A residual Fe II contribution may be one of the reasons why the single-epoch spectrum of Mrk 1511 does not provide meaningful constraints.
NGC 4593
Some of the parameters can be constrained: we find θo= 53 +18 −16 degrees, θi= 53 +9 −11 degrees, f flow is constrained to be > 0.5 i.e. signatures of outflowing trajectories, indicating that even though f ellip is only marginally constrained (f ellip = 0.67
+0.17
−0.29 ), the model is able to identify that some of the orbits have velocities close to the radial outflowing escape velocity. We also find θe= 14 −0.15 , indicating that the mid-plane of the BLR is not completely transparent. All the constrained and marginally constrained parameters mentioned above agree within the uncertainties with the full light-curve result. We note that the 68% confidence ranges for the parameters determined from the full light-curve modelling are also wide and comparable with what we find from the single-epoch modelling (Fig. A6 ). This is in part due to the fact that the full lightcurve result takes into account the three different spectral decompositions of Williams et al. (2018) which broadens the 68% confidence intervals.
PG 1310-108
The parameter rmin= 2.0 +2.6 −1.5 light-days is constrained and agrees with the full light-curve result within the uncertainties. Additionally there is one parameter that can be marginally constrained for PG 1310-108, the opening angle: θo= 63 +18 −24 degrees. Looking at the posterior probability distributions for θo and θi in Fig A7 one can see that the probability distribution appears to have two peaks, which translates to broad 68% confidence ranges and poorly constrained angles. These two peaks are also present in the full lightcurve results, indicating that it is difficult to constrain the angles for PG 1310-108, even when using monitoring data. All the remaining parameters have broad posterior probability distributions and therefore cannot be significantly constrained from the single-epoch spectrum.
Zw 229-015
The parameters for this object are remarkably well constrained and agree with the full light-curve result within the uncertainties. As for Mrk 141, this is likely due to the information associated with the significant asymmetry and structure of the line profile in this AGN. The only exception is γ, which is not constrained for Zw 229-015 or any of the AGN in our sample. We find θo= 34.0 −0.9 light-days. The posterior probability distributions is shown in Fig. 6 .
DISCUSSION
We have information on the full light-curve modelling results for all the AGN we modelled. For the purpose of this work, we assume that the full light-curve inferred BLR parameters are representative of the intrinsic parameters of the BLR. Our exercise in this paper is to determine what BLR parameters can be constrained and to what degree of confidence, using single-epoch spectra modelling of a significant sample of AGN. This is necessary prior to applying our single-epoch model to AGN for which no monitoring data nor information on the BLR structure are available, which is our ultimate goal.
Below we discuss the overall model performance, describe in detail our findings for each of the BLR parameters, present a summary of the overall findings for the whole sample of AGN and discuss the caveats associated with our model.
Model performance
There are two important questions that our work addresses: 1) Is the single-epoch modelling able to constrain the BLR parameters? That is, are the posterior probability distributions narrow enough that useful information can be obtained? 2) Are the inferred parameters from single-epoch spectra in agreement with the full light-curve results, within the uncertainties?
The results from Section 4 show that some of the BLR parameters can be constrained using single-epoch spectra, as the posterior probability distributions are significantly narrower than the prior probability distributions. More importantly, when the parameters can be constrained, the large majority of the inferred values agree with the full lightcurve modelling results, within the uncertainties. For the case where the parameter posterior probability distribution is wide, this indicates that the model is not able to constrain the parameter. The model is successful at a) inferring correctly the BLR parameters, and b) at returning a broad posterior probability distribution when no sufficient constraints are found for a specific parameter. After the performance tests we did in this work, combined with the results from R19, we are confident that the model can be used to derive quantitative constraints on the BLR parameters and be applied to AGN without prior knowledge of the BLR structure.
Notably the model is able to constrain most of the BLR parameters for two AGN: Mrk 141 and Zw 229-015. From  Fig. 2 , we can see that the line profiles for these two AGN have a significant substructure, which may be an advantage in the amount of information provided to the model, as suggested for Arp 151 (R19). Fairly symmetrical and featureless profiles, such as for 3C120, Mrk 335 and PG 2130+099 tend to result in fewer constraints on the BLR parameters. This is not always the case, and there may be other factors contributing to how well the BLR parameters can be determined from a spectrum. Mrk 1511 for example, has some features and asymmetry in the profile but may have Fe II residuals in the spectrum, causing the model to not be able to constrain the BLR parameters, as discussed in Section 4.1.8.
Notes on individual BLR parameters
For future applications of our model, it is important to know which parameters can be reliably constrained using singleepoch spectra. In Section 4 we presented the model results for each AGN, in this section we summarise and discuss our findings for each of the BLR parameters. Hereafter, when we write that the inferred value agrees with the full-lightcurve result, it means that the inferred parameter value from the single-epoch modelling agree within the uncertainties with the inferred parameter value from the full light-curve modelling. We note that we define agreement within the uncertainties if there is an overlap of the 68% confidence region of our results and the 68% confidence region of the full lightcurve result.
γ − The parameters that have very broad posterior probability distributions are considered to be unconstrained, because the model does not find a range in the parameter space that clearly has higher probability. In that case the entire parameter range explored shows comparable probability of occurring. This is notable for the parameter γ, which describes the angular distribution of particles. The parameter γ is not constrained by the single-epoch spectra for any of the AGN analysed. We note that even the full light-curve modelling only marginally constrains this parameter, as can be seen from the wide 68% uncertainty ranges shown as the dashed lines in Fig. 7 . It appears that both the single-epoch spectrum and full light-curve data do not provide enough unique information to constrain γ. We conclude that the parameter γ cannot be constrained using single-epoch spectra, based on our results for the 11 AGN in this work and the three epochs of Arp 151 (R19).
θi − The inclination angle (θi) is constrained for most objects. We find that 8 AGN (3C120, Mrk 1501, PG 2130+099, Mrk 50, Mrk 141, Mrk 279, NGC 4593 and Zw 229-015) have well constrained inclination angles that agree with the full light-curve result. For 3 AGN (Mrk 335, Mrk 1511 and PG 1310-108) we consider that θi cannot be constrained as the 68% confidence range covers more than 50% of the parameter space. There are no AGN with inferred θi that are inconsistent with the full light-curve result within the 68% confidence range.
θo − Similar to the inclination angle, the BLR opening angle (θo ) is also constrained for most objects. We find that 6 AGN (3C120, Mrk 1501, PG 2130+099, Mrk 141, NGC 4593 and Zw 229-015) have well constrained opening angles that agree with the full light-curve result. For 3 AGN (Mrk 279, Mrk 1511 and PG 1310-108) the prior probability distribution is broad and θo can only be marginally constrained. Still, the inferred θo agrees with the full lightcurve result. For 2 AGN (Mrk 335 and Mrk 50) we consider that θo cannot be constrained as the 68% confidence range covers more than 50% of the parameter space. Mrk 1511 is a puzzling case as it shows a marginally constrained θo that is not consistent within the 68% confidence range with the full light-curve result. We note that, as for the full light-curve result, we see a correlation between θi and θo. A discussion on this correlation is presented by R19.
κ − The parameter κ is constrained for 4 AGN (Mrk 1501, Mrk 50, Mrk 141 and Zw 229-015) and the inferred values agree with the full light-curve result. For one AGN (NGC 4593) κ is only marginally constrained but the 68% confidence range from the full light-curve modelling is as broad as for the single-epoch modelling, which indicates that the full light-curve modelling is also not able to strongly constrain κ for this AGN. For the remaining 6 AGN (3C120, Mrk 335, PG 2130+099, Mrk 279, Mrk 1511 and PG 1310-108), we consider that the single-epoch modelling is not able to constrain κ as the 68% confidence region covers more than 50% of the parameter space.
ξ − The mid-plane transparency (ξ) is only constrained for 2 of our AGN (Mrk 141 and Zw 229-015) with inferred values that agree with the full light-curve result. We note that these two AGN have the most asymmetric line shapes which may be one of the reasons why ξ (and κ) are constrained. For Mrk 1501, Mrk 50, Mrk 279 and NGC 4593, only marginal constraints can be obtained, still, the inferred values agree with those found from the full light-curve result. We note that for NGC 4593 the 68% confidence range from the full light-curve result is also wide and comparable with the uncertainties found in the single-epoch modelling. For the remaining 5 AGN (3C120, Mrk 335, PG 2130+099, Mrk 1511 and PG 1310-108) ξ cannot be constrained based on the single-epoch spectrum.
f ellip − The fraction of near-circular elliptical orbits can be constrained for two of the AGN in our sample (Mrk 141 and Zw 229-015), with inferred values that agree with the full light-curve result. These two AGN are those that show the strongest asymmetry and structure in the line profile. For Mrk 50 f ellip can only be marginally constrained but the value agrees with that of the full light-curve modelling. Due to their broad posterior probability distributions we consider that f ellip cannot be constrained for 8 . Inferred values for the parameters and their respective 68% confidence regions for each of the objects analysed. The first 4 objects from the top are part of the AGN10 monitoring campaign while the remaining 7 objects are from LAMP 2011. The filled blue circles are the inferred values using the single-epoch analysis while the black star symbols are the inferred values found by previous work using the full light-curve for the modelling of the BLR (Grier et al. 2017 for AGN10 and Williams et al. 2018 for LAMP 2011 . The values inferred by Williams et al. 2018 refer to their combined posterior probability distribution. We consider that a parameter cannot be constrained when the 68% confidence range covers more than 50% of the parameter space. Scale in the y-axis is arbitrary for visualisation purposes.
there are signatures of particles with inflowing or outflowing trajectories, even though the exact fraction of these particles (1−f ellip ) is difficult to constrain accurately for most AGN in the sample.
θe − The parameter θe is constrained for 5 AGN: Mrk 50, Mrk 141, Mrk 279, NGC 4395 and Zw 229-015 with values that agree with the full light-curve result, and not constrained for 6 AGN: 3C120, Mrk 335, Mrk 1501, PG 2130+099, Mrk 1511 and PG 1310-108. The parameter θe is only constrained for AGN where f flow is also constrained. This is not surprising since these two parameters characterise the same type of gas orbits.
rmin − We find that the minimum radius of the BLR is constrained for all AGN, and with values that agree with the full light-curve result. Even though for one AGN (Mrk 1501) rmin has a broad posterior distribution, we consider the parameter to be constrained since the prior for rmin is relatively wide. The parameter rmin is defined from F and µ in the Gamma radial distribution of particles, and typically has a prior from 10 −3 − 10 2 light-days.
M BH − The black hole mass is the parameter that is most correlated with τmean. Therefore, the approach of the singleepoch modelling to define a prior probability distribution on τmean will necessarily influence M BH . This has also been observed by R19. There is some information in the emission line to constrain M BH , such as the relativistic effects caused by the black hole. However, since the τmean prior is defined a priori we do not consider the inferred M BH to be independently reliable as τmean necessarily favours a specific absolute size of the BLR and therefore a specific M BH range. As shown by R19, for the three epochs of Arp 151 analysed, the model infers M BH values that agree with the full lightcurve result. The only exception is for the case where the τmean inferred from the R−L relation is significantly different from the intrinsic τmean and the assumed τmean prior width is narrow, which causes the M BH value to differ from the intrinsic value. Here in this work we assume a τmean prior width of 0.2 dex to mimic the scatter in the R−L relation. Since this width is relatively narrow, we expect situations where the inferred M BH value differs from the intrinsic value if the R−L estimate is significantly under-or overestimated. We find that for 9 out of 11 AGN the model finds M BH inferred values that agree within the uncertainties with the full light-curve result. For 2 AGN, Mrk 335 and PG 1310-108, the inferred M BH value and its 68% confidence range are not consistent with the full light-curve result. For PG 1310-108 this could be due to the prior central value of τmean being overestimated with respect to the full light-curve result and the line profile not having enough information to infer M BH correctly. For Mrk 335 the case appears to be different: the prior value for τmean is similar to what was found from the full light-curve analysis, however, τ median and r median are significantly different from the full light-curve result (Table A1). This indicates that the time delay distribution that the model is finding for the BLR is complex, such that τmean and τ median differ significantly. The parameter τmean alone may not be a good probe of the size of the BLR for Mrk 335.
β − This parameter determines the shape of the radial distribution of particles in the BLR. It can be understood as the standard deviation of the Gamma distribution at the origin (r = 0). R19 found that the inferred β value depends on the epoch. Here we find something similar: for 3 AGN (3C120, Mrk 335 and Mrk 1511) β is constrained but does not agree within the uncertainties with the full light-curve result. This indicates that either β cannot be accurately constrained from the model possibly due to the lack of timing information, or that β depends on the epoch analysed. R19 suggested that this could be due to each epoch corresponding to a specific section of the BLR that is illuminated (or emitting). Even though for 8 of the AGN in our sample, the inferred β value agrees with the full light-curve result, we cannot rely on the β value found from the model, as it may not reflect the average radial distribution of particles in the BLR. Therefore, the β value obtained is the 'instantaneous' value for the particular observed epoch and is not a general property of the BLR. This is particularly important to keep in mind when modelling AGN without monitoring data. We note that in the full light-curve modelling of three distinct monitoring campaigns of Arp 151, Pancoast et al. (2018) found a difference in the values of β determined for each campaign. This is in line with the hypothesis above, that β may not be constant for a BLR but an average value that depends on the duration and/or timing of the monitoring campaign.
τmean, τ median , rmean, r median , rout − The four first parameters of this list are not free parameters in the model, but calculated from the BLR structure. The parameter τmean is defined with a prior probability distribution and τ median , rmean and r median will naturally be correlated with τmean, as they all probe the size of the BLR. The mean and median estimates tend to either both agree or both disagree with the full light-curve result for each AGN. The only clear exception is Mrk 335 (see discussion on M BH above). The parameter rout is defined a priori for each AGN and is related to the duration of the simulated continuum light curve. We find that for all our sources rout/rmin is typically larger than 10, which according to models by Robinson (1995) is necessary to reproduce most observed line profiles.
Continuum light curves − We find a broad range of continuum light curves that can give rise to the observed line profiles. Among the solutions there are simulated light curves that resemble the real continuum light curves for the AGN, but in general they are different and span a broad range of shapes. This variety of light curves is due to the fact that we have two free parameters C add and C mult that normalise the absolute continuum and line fluxes and also because we only have a prior on the mean time delay. Since we do not have a strong constraint on all the time delays between the continuum and the line emission from each portion of the BLR, the model is free to select slightly different portions of the continuum light curve for each solution.
Summary of results on the full sample
Our work on the single-epoch spectral modelling of the BLR parameters now includes results on 12 AGN: the sample of 11 from this work and Arp 151 analysed by R19. Based on the single-epoch analysis only, we find that the typical BLR for the sample is a low to intermediate inclination (θi < 50−60 degrees) and relatively thick (θo> 15 degrees) disc-like structure, with the majority of sources (7 out of 12) showing a significant fraction of orbits with velocities close to the inflowing or outflowing velocity distribution. These general properties agree with what was found from the modelling of monitoring data.
The inclination and opening angles are constrained for the majority of the AGN in our sample. The parameter f flow is also constrained for the majority of the sample, and θe tends to only be constrained for AGN for which f flow is determined. This is somewhat expected as f flow identifies the presence of inflowing/outflowing type orbits, and θe determines the angle between this type of orbit and the circular orbit value, controlling the fraction of bound orbits. The parameter f ellip is constrained for a smaller number of AGN than f flow . This means that the model is not always able to constrain the exact fraction of near-circular versus inflowing/outflowing orbital configurations, but is often able to identify the presence of inflowing/outflowing orbits.
We find that in general, the AGN with the lower Eddington ratios (i.e. lower mass accretion rates scaled by their black hole mass): Mrk 50, Mrk 141, NGC 4593 and Zw 229-015 tend to have a larger number of BLR parameters constrained than the AGN with the highest Eddington ratios: 3C 120, Mrk 335, Mrk 1501, PG 2130+099, Mrk 279 and PG 1310-108. The only exception is Mrk 1511 for which even though the Eddington ratio is low, only one parameter is constrained. This could be due to other causes that make it difficult for the model to constrain the BLR parameters, such as a residual Fe II contribution to the line profile, or to the overestimated R BLR from the R−L relation, as outlined in Section 4.1.8. The overall trend with Eddington ratio may be related to the different line profiles that high and low Eddington ratio AGN have. From Fig. 2 we can see that the high Eddington ratio AGN tend to have smoother and more symmetric line profiles. Symmetric line profiles may not contain enough information to independently constrain all the parameters that in some BLR configurations can cause asymmetries, such as κ, ξ and f flow and its associated f ellip and θe.
The uncertainties of the single-epoch model constrained parameters are typically higher than those found from the full light-curve modelling. This can be seen from the wider 68% confidence ranges associated with the parameters in the single-epoch modelling. Fig. 8 shows a graphical comparison of the single-epoch versus full light curve uncertainties for each of the constrained or marginally constrained parameters. The y-axis is the ratio between the single-epoch 68% confidence range and the full light-curve 68% confidence range. The blue circles are the results for the AGN in this paper while the red squares are the results for the three epochs of Arp 151 from R19. The ratio of uncertainties goes up to ∼5 but in general is lower than ∼3. The extra information that we add, on the form of the prior probability distribution on τmean also contributes to lower the ratio of uncertainties. We expect in general to observe uncertainty ratios higher than 1 when comparing the single epoch with the full light curve results. For a few of the AGN and some of the parameters we see an uncertainty ratio lower than 1, which could indicate that the single-epoch model is inferring parameter values with lower uncertainties than the modelling of monitoring data. This is due to the particular comparison that we are making. The AGN that have uncertainty ratios lower than 1 are typically from the LAMP 2011 sample (and mostly NGC 4593). The uncertainties for the full light-curve modelling are in this case those of the combined posterior in Williams et al. (2018) , which includes the results using three different spectral decompositions. For some AGN this results in wider uncertainties than when using a single spectral decomposition as we do in our single-epoch study. The object NGC 4593 in particular shows differences in the posterior probability distributions (red and blue histograms of Fig. A6 ) for the parameters θi, ξ and f flow , for which we measure uncertainty ratios lower than one in Fig. 8 . A low uncertainty ratio is also observed for β, likely due to the fact that the β we measure corresponds to a single-epoch and not to the average β of the monitoring campaign.
The ratio of uncertainties between the single-epoch and the full light-curve results is not uniquely determined by the relative loss of S/N that results from using one single spectrum instead of a set of spectra from a monitoring campaign. To illustrate this, we show the ratio of uncertainties as a function of the statistical S/N for the monitoring campaign, calculated as the square root of the square sum of the mean S/N values for each epoch, and normalised to the S/N of the single-epoch spectrum (Fig. 9) . There is no strong trend between the variables shown in Fig. 9 . We find that the constraints we obtain for the parameters are determined by the information contained in the line profile, and therefore depends on the BLR characteristics as seen at that particular epoch. Using the spectral monitoring data adds information by modelling line profiles of different shapes and probing the BLR at different epochs. The tighter parameter constraints obtained by the full light-curve modelling are due to this effect and not simply due to an increased S/N obtained after combining multiple but similar line profiles.
With the sample of 12 AGN we investigate the scatter in the values of the parameters constrained by the singleepoch model. Fig. 10 shows the parameter value determined from the single-epoch (SE) model, as a function of the difference between the single-epoch inferred value and the fulllightcurve inferred value. The filled symbols are the constrained and marginally constrained parameters while the open symbols are the unconstrained parameters. The blue circles represent the AGN10 and LAMP2011 samples while the red squares are the 3 epochs of Arp 151 from the work of R19. For the constrained parameters there does not seem to be a significant bias in terms of under-or overestimated values, with the exception of β. We note that in the x-axis in Fig. 10 we are showing the difference in the median values of the posterior probability distribution. The uncertainties in the median values (as shown in the y-axis) should be taken into account in the analysis of the scatter diagrams. The parameter β tends to be overestimated with respect to the full light-curve result. This indicates that the single-epoch model in general prefers radial particle distributions that decay more steeply with radius than the full light-curve modelling, likely due to β being dependent on the epoch. One of the possible explanations is a 'breathing BLR' (Netzer & Maoz 1990 , Korista & Goad 2004 , Cackett & Horne 2006 , where the responsivity of the emitted line varies as a function of the radius in the BLR and with the continuum flux history. The parameter β could be tracing the BLR zone that is responding at a specific epoch (e.g. Baldwin et al. 1995) . The parameter rmin also tends to be overestimated. This can be understood based on the relation between τmean, rmin and β. An increase in the mean time delay of the BLR can be represented by a steeper radial distribution of particles (higher β) and a larger rmin. The mean time delay will also be a natural upper limit for rmin. When the singleepoch assumed prior for τmean is close to the value inferred from the full light-curve analysis (as for the case of Arp 151 shown with the red squares), the model is able to find an rmin which is similar to the full light-curve result and is tightly constrained. For the cases where τmean is overestimated in comparison with the full light-curve result, rmin tends to also be overestimated but the confidence regions associated with the inferred rmin are also wider showing that the model's inferred value has larger associated uncertainties. The scatter in the τmean parameter is due in part to our assumed prior value from the R−L relation and is shown here just for reference.
We also investigated if the inferred parameter values were influenced by how well the R−L relation assumed mean time delay (i.e. the central value of our prior probability distribution) represents the full-lightcurve determined τmean. In  Fig 11 we show the ratio of the inferred parameter values as a function of the ratio between the R−L relation mean time delay (τ R−L ) and the full-lightcurve mean time delay determined from modelling of the monitoring data (τmonitoring). All the inferred parameters are shown, both the constrained and unconstrained parameters. The only data points omitted in this figure are the cases where the full light-curve modelling only obtained lower or upper limits for the parameter values. There is no evidence from this figure that an under-or overestimated τmean results in worse parameter estimates. In general the model's ability to infer parameter values that agree with the full light-curve result seems to be independent of the choice of τmean. The expected exception is M BH which depends on τmean.
As was done for Arp 151 (R19), we model additional epochs for each of the AGN in our sample. In particular we select an additional epoch with lower average S/N (typically 9 or 20) and use the same modelling procedure (see Section 3.2). We find that the results for the two epochs (the default highest S/N epoch and the lower S/N epoch) are fully consistent for each AGN. A comparison of the inferred parameters for each epoch and the respective 68% confidence regions can be found in Fig. A9 . The inferred parameters from both epochs agree, with minor differences in terms of the confidence regions. The differences in the confidence regions are not systematic, in the sense that there is no one epoch that systematically shows smaller confidence ranges than the other. The relative width of the confidence regions vary from epoch to epoch and parameter to parameter, with some parameters where the maximum S/N epoch provides tighter constraints and other parameters where the lower S/N epoch provides the tighter constraints. This shows that the model obtains consistent results when independently modelling distinct spectral epochs of the same AGN. It also shows that the line flux S/N is not the dominant factor in determining which BLR parameters can be inferred and the accuracy level associated with that inference.
Caveats
Underlying physical model
In this work, we compare the performance of the single epoch model to the full light-curve model. One of the limitations of this approach is that both models rely on the same underlying physical prescription: a simplified model for the BLR. The advantage of using a simplified physical model is that the main BLR parameters have a physical meaning and are intuitive, and that the model is highly flexible. By using just a limited set of parameters, the model can reproduce a large variety of possible BLR geometric configurations and dynamical properties. The caveat is that we are limited to the physical reach of the model, i.e. physical processes that are not included in the model (such as photoionisation for example), will not be constrained and are beyond the current scope of the model. Nevertheless, the physical model we use and that was used in previous versions of the BLR modelling, has successfully constrained BLR parameters for 17 AGN based on monitoring data (Pancoast et al. 2012 , Pancoast et al. 2014b , Grier et al. 2017 , Pancoast et al. 2018 , Williams et al. 2018 ). More importantly, the M BH , time delays, and dynamics found by these works are in agreement with reverberation mapping studies that used independent methods to determine the same properties, which indicate that the parameters determined by the model are representative of the intrinsic BLR parameters. The physical model has shown to be a useful basis to interpret BLR properties, albeit limited to the complexity level of the physical prescription. Williams et al. (2018) show that for some AGN, the choice of templates in the spectral decomposition may affect the BLR modelling. The effect is more noticeable for AGN with prominent Fe II emission, since it will more strongly affect the resulting spectrally decomposed Hβ line profile. In our work we find that the spectral decomposition may affect the BLR modelling, in agreement with Williams et al. (2018) . However the specific spectral decomposition adopted does not alone determine the BLR parameters. That is, selecting a specific spectral decomposition does not force the parameters to a specific solution. This can be seen in the results for the 7 AGN of the LAMP 2011 sample. We use as input a spectrum that has been decomposed using the Kovačević et al. (2010) Fe II templates. Therefore our posterior probability distributions can be directly compared with Kovačević et al. (2010) templates. This is not the case as can be seen for example in Fig. 5 for the κ parameter for Mrk 141. There is a slight difference between the combined and Kovačević et al. (2010) posterior distributions presented by Williams et al. (2018) and our result resembles the combined posterior more closely. The opposite also happens, where our distribution more closely resembles the Kovačević et al. (2010) posterior distributions (for example for θi and κ for NGC 4593 - Fig. A6 ). Additionally, there are instances where our single-epoch model is not able to constrain parameters, even though we are using the sample spectral decomposition of Williams et al. (2018) . Examples of this are f flow for Mrk 1511 and PG 1310-108, or ξ in Mrk 1511 (see Fig. 7 ). This indicates that whatever information was present in the monitoring data that allowed the model to constrain the parameters, is not present or cannot be uniquely inferred from the single epoch spectrum. One possibility is that with relatively symmetric line profiles as those of the AGN mentioned above, it is inherently difficult to infer the direction of motion from a single spectral profile.
Spectral decomposition
CONCLUSIONS
In this work we applied our single-epoch broad line region model (R19) to 11 nearby AGN. This sample of AGN have previously been modelled using reverberation mapping monitoring data (Grier et al. 2017 , Williams et al. 2018 , and therefore provide an opportunity to test our model's performance for a variety of broad line shapes, black hole masses and accretion rates. Our main conclusions are the following:
• The single-epoch model is able to constrain some of the BLR physical parameters from single spectra assuming an underlying physical model, reinforcing our findings for the test case of Arp 151 (R19). The specific BLR parameters that are constrained vary for each AGN, and likely depend on the particular features of the broad line profile.
• The model achieves reliable results in terms of the inferred values for the parameters. When there is not enough information in the line profile to constrain a parameter, the output from the model shows a broad posterior probability distribution which indicates that the parameter cannot be accurately constrained. When the model is able to constrain the BLR parameters, the inferred values of the parameters agree within the 68% confidence range with the results from the modelling using monitoring data.
• We find that two parameters cannot be independently constrained from our single-epoch modelling: β, which describes the radial distribution of particles in the BLR, and the black hole mass (M BH ), in agreement with R19. The parameter β may vary with selected epoch, possibly as a function of what portion of the BLR is illuminated or emitting at that epoch. The value of β determined from single-epoch modelling reflects a temporary property of the BLR and does not reflect the average radial distribution of particles of the BLR as probed by the full light-curve analysis of the original BLR modelling code. The black hole mass we infer is by default correlated with the mean time delay (τmean). Since we need to define a specific prior probability distribution for τmean to set the physical scale of the BLR, the inferred M BH will in part depend on the assumptions on τmean. The constraints on τmean in our model are obtained from the R−L relation. This is similar to what is done for single-epoch black hole mass measurements, that typically rely on the BLR radius from the R−L relation. Our uncertainties in the inferred M BH are similar to those associated with single-epoch mass measurements (e.g. Vestergaard & Peterson 2006 , Vestergaard & Osmer 2009 ).
• We find that for some AGN, when the single-epoch model can only marginally constrain or cannot constrain a BLR parameter at all, the modelling of the monitoring data also shows the same difficulty in constraining the parameter. This is notable in particular for the γ parameter that describes the angular concentration of particles in the BLR. This shows that for a subsample of AGN and some of the physical parameters, having monitoring data does not significantly improve our ability to quantitatively infer a BLR parameter.
• In general, the monitoring data have more information than that contained in a single spectrum, and if available should be the preferred dataset to use as input to the model to constrain the BLR parameters. However, considering the performance of the single-epoch modelling we show here, and its potential to be extended to a significantly larger number of AGN at low and high redshift, single-epoch modelling is an alternative and practical tool to constrain some of the BLR parameters.
• We identify a qualitative trend in terms of the broad line profiles and the ability of the single-epoch model to constrain the BLR parameters. For the AGN with the more symmetrical and featureless line profiles (e.g. 3C120, Mrk 335 and PG 2130+099) the single-epoch model is only able to constrain a small number of BLR parameters. The better performance of the model, in terms of number of parameters constrained occurs for the AGN with most substructure and asymmetry in the broad line profiles (e.g. Mrk 141 and Zw 229+015). This qualitatively suggests that the more complex line profiles provide an advantage in terms of the amount of information provided to the model.
• We find that in general, the AGN with the lower Eddington ratios tend to have a larger number of BLR parameters constrained than the AGN with the highest Eddington ratios. This is likely due to the line profiles of the highest Eddington ratio AGN, which typically show smoother and less asymmetric profiles.
We have shown in this work and in our first paper (R19), that single-epoch modelling of AGN broad line profiles can provide constraints on BLR parameters, assuming an underlying physical model for the BLR. The inferred values of the parameters agree with those determined from models of the monitoring data, which makes the single-epoch model reliable for the study of low and high redshift AGN for which no monitoring data are available. In follow-up work we will further investigate the possible limitations of this work and define strategies to improve the method, with the ultimate goal of constraining the typical BLR parameters for the AGN population at low and high redshift. Figure A8 . Sample line profile generated by the model for each of the AGN. The blue line is the observed line profile and the red line is a line profile generated by the model and randomly selected from the posterior probability distribution. The residuals are shown in grey in the bottom panel. Figure A9 . Inferred values for the parameters and their respective 68% confidence regions for each of the objects analysed. The first 4 objects from the top are part of the AGN10 monitoring campaign while the remaining 7 objects are from LAMP 2011. The filled red circles are the inferred values using the single-epoch analysis and the additional lower S/N epoch. The filled blue circles are the inferred values using the single-epoch analysis for the maximum S/N epochs and the black star symbols are the inferred values found by previous work using the full light-curve for the modelling of the BLR (Grier et al. 2017 for AGN10 and Williams et al. 2018 for LAMP 2011 . The values inferred by Williams et al. 2018 refer to their combined posterior probability distribution. We consider that a parameter cannot be constrained when the 68% confidence range covers more than 50% of the parameter space. Scale in the y-axis is arbitrary for visualisation purposes.
